j o u r n a l h o m e p a g e : w w w . i n t l . e l s e v i e r h e a l t h . c o m / j o u r n a l s / c m p b The Check Your Biosignals Here initiative (CYBHi) was developed as a way of creating a dataset and consistently repeatable acquisition framework, to further extend research in electrocardiographic (ECG) biometrics. In particular, our work targets the novel trend towards off-the-person data acquisition, which opens a broad new set of challenges and opportunities both for research and industry. While datasets with ECG signals collected using medical grade equipment at the chest can be easily found, for off-the-person ECG data the solution is generally for each team to collect their own corpus at considerable expense of resources.
Introduction
A research field that has seen a recent trend towards the use of biosignals is biometrics, which focuses on identity recognition based on physiological or behavioral properties of an individual [1] . Electrocardiographic (ECG) data is one of the novel biometric traits where a growing interest is evident within the reference literature [2] [3] [4] [5] [6] . A particularly important aspect, that is transversal to all the work done to date, is the access to large datasets to evaluate the robustness of the devised methods across research teams. Over the years, several initiatives have greatly contributed to mitigate this problem, mostly by providing repositories for data collected in clinical and laboratory settings [7] .
Table 1 -Summary of datasets found in the ECG biometrics literature.
Name MIT-BIH [7] AHA [7] PTB [7] DRIVEDB [7] CYBHi Chan [3] Zhao [6] Odinaka [4] Number its own corpora, consisting of only a few dozens of individuals or less, at great financial and time expense, which is then only used in the context of their own research, and often lacks several relevant details regarding acquisition and subject conditions. As such, we devised a data acquisition framework and experimental setup, for large scale data collection from a large group of subjects through an easily repeatable and efficient procedure.
The rest of the document is organized as follows: Section 2 outlines the current landscape in terms of ECG datasets; Section 3 describes the experimental setup, highlighting the main technical challenges and options to overcome them; Sections 4 and 5 describe the adopted methods and procedures for data acquisition; Section 6 presents the findings resulting from research done to date with CYBHi; Section 7 describes the resources made available as a result of our work; and finally, Sections 8 and 9 provide a short discussion and insight on future work resulting from the CYBHi.
Background
Recognizing the need and usefulness of centralized datasets that can be used as a common reference for researchers worldwide, several initiatives have been contributing with resources to mitigate this. Physionet [7] is currently one of the main forums for dissemination and exchange of biomedical signals in general. Most publicly available datasets are currently centralized on the PhysioBank repository, and contain multiple parameters from healthy and pathological conditions (cardiorespiratory, neural and others). However, in what concerns ECG datasets, public resources found to date only contain signals collected at the chest with clinical grade equipment. Table 1 highlights the specifications of datasets commonly found in ECG biometrics literature. Electrocardiographic signal acquisition methods can be classified according to their intrusiveness as follows [8] : (a) In-the-person: referring to implantable devices such as artificial cardiac pacemakers and implantable loop recorders; (b) On-the-person: referring to devices that need to be attached to the body of the subject, generally requiring conductive paste or gel; and (c) Off-the-person: referring to devices that are integrated in objects or surfaces with which the subjects interact with (e.g. a computer keyboard), and do not require any special preparation of the subject.
Research so far has shown broad evidence regarding the applicability of ECG signals collected in an on-the-person approach for biometric purposes (see [2, 4, 5] and references therein). Nonetheless, this approach is highly intrusive for the subjects, thus limiting the potential industrial applications of ECG-based biometrics. More recently, researchers have been pivoting towards the off-the-person approaches [3, 6, [10] [11] [12] [13] , in an effort to overcome the intrusiveness problems widely criticized in ECG biometrics. Recent work from our team has provided experimental evidence that the signals obtained through the off-the-person approach using dry electrodes, present virtually the same morphology as those obtained at the Lead I derivation of a standard 12-lead medical-grade ECG system [8, 14] .
Still, to further progress on the study of this particular research topic, no public datasets currently exist (Table 1) . Furthermore, in the non-public off-the-person datasets, the amount of information provided regarding the materials and methods often lacks several relevant details. In this paper, we seek to contribute to fill this gap, by providing a detailed description of our experimental setup for data acquisition, with the purpose of creating a large and extendable corpora of data, targeting the specific class of off-the-person and minimally constrained signal acquisition scenarios [8] . Our goal is to set the ground for a scalable family of datasets that enables researchers to benchmark their algorithms taking into account factors such as the permanence of the biosignals throughout time, emotional arousal, among others. Initial acquisition sessions targeted the collection of ECG signals in highly non-intrusive scenarios, and our dataset is publicly available for the community at large.
3.
Design considerations
Overview
Given the motivation of our study towards the off-the-person approach, we proposed a setup for ECG data acquisition at the hand palms with dry Ag/AgCl electrodes and at the fingers with Electrolycras, to assess the biometric potential of signals collected at these anatomic regions and compare the performance of both materials. Moreover, our protocol includes both neutral tasks and emotional elicitation tasks [15, 16] . The later were introduced as a way of inducing intra-subject variability, which is an important aspect to take into account when benchmarking ECG-based biometric algorithms. For this purpose, electrodermal activity (EDA) data was simultaneously acquired as a way of providing ground truth information about the arousal state of the subject, and which can be used in correlation with the ECG data. The inclusion of emotion eliciting stimuli was motivated by the fact that authors in the field of ECG-biometrics are starting to explore the relation between emotional arousal and changes to the ECG heartbeat waveform [17, 18] . In [17] , visual stimuli were used to induce positive and negative emotions for valence and passive arousal performance evaluation, and a video game was used to attempt to induce active mental stress. In [18] the ECG was acquired during human-computer interaction on different cognitive activities. Both studies report the existence of slight morphological changes to the ECG heartbeat waveform associated with the presence of different emotional/affective states. Fig. 1 , shows the overall workbench setting, comprised of a device to display multimedia content to the subject, the set of sensors used in the experiments, and the biosignal acquisition equipment, together with the base stations for real-time data recording. The arrangement was such that the subject sat on one side of the table, and the experts on the other side. All participants were submitted to an initial briefing with the support of an informed consent document (Fig. 9 ). This form was read to the subject by the coordinator of the experiments, and clearly stated the materials involved in the experiments, the purpose of our research, and the different steps that would be performed.
To acknowledge the participation as a volunteer and grant the anonymous use of the collected data, subjects were required to sign the document. Participants were also inquired about the possibility of participating in future data acquisition sessions, and primary contact information was collected for this purpose. 1 Demographic information was also requested for statistics and sample characterization purposes, 1 It is important to further reinforce that contact information is stored separately from the data and that the database is anonymized. and a space for additional notes or comments regarding the experiments was also added. It is important to highlight that all the data publicly available in the CYBHi dataset is completely anonymized to preserve the privacy of the users.
Computer task
In the design of the experiment, we introduced a set of film clips that would serve as an activity for the user to perform while the signal acquisition process was taking place, but that would also elicit non-specific affective responses. In order to potentiate noticeable reactions in the subjects we manipulated the movies to introduce a stimuli. Two MPEG4 video sequences were prepared, with a 1280 × 720 pixel resolution and total duration of 1 min; a background soundtrack was also maintained for greater immersion and stimulatory potential. In these sequences, the last 5 s were adjusted in order to present a triggering stimuli.
To allow synchronization with the biosignal acquisition system, and also to mark the beginning of the video and the stimuli presentation, a white square with 120 × 120 pixels was inserted on the top left corner of the screen, which appeared for 2 s in the beginning of the video and in the moment where the triggering stimuli is presented. An Apple iPad 2 tablet device was used to display and reproduce the multimedia content; the device was placed on a vertical stand in front of the person ( Fig. 12(a) ), and a set of headphones were used, to provide greater focus on the reproduced content and maximize the impact of the prepared stimuli ( Fig. 12(b) ). Table 2 describes the content used to produce each stimuli. Sequence A1 was designed as a more amusing video, to stimulate low arousal; it started with an excerpt of an ad with a fairly intense audio soundtrack and surprising moments, 2 which switched to a short funny video near the end. 3 Sequence A2 was designed as a more intense video to stimulate high arousal; it started with a peaceful sequence extracted from an ad, 4 and switched to an excerpt of a horror movie trailer. 5 Fig. 7 shows sample frames from both affective elicitation videos.
Biosignal sensors
Electrocardiographic (ECG) data acquisition was performed with a custom, two lead differential sensor design with virtual ground, proposed in [19] ; Table 3 outlines the main specifications. Two ECG sensors were used in our experimental setup, one for signal acquisition at the hand palms with dry Ag/AgCl electrodes, and another for signal acquisition with Electrolycras at the index and middle fingers. For improved comfort and greater efficiency, the ECG sensors were fitted to a leather base, with the intended hand placement signaled in an unequivocal way. Fig. 3 depicts the devised sensor and electrodes arrangement. One of the ECG sensors was connected to the dry Ag/AgCl electrodes that were placed at the base of the hand palms, near the thenar eminence; the other ECG sensor was connected to the Electrolycra strips placed along the index and middle fingers. The transfer function for this sensor is given by Eq. (1); V O is the output voltage of the sensor and V ECG is the ECG signal voltage, both in Volt. Eq. (2) provides an equivalent representation, which uses the digital output codes D O of the ADC directly. In our setup we used a system with 12-bit resolution (n = 12), V cc = 5 V and V ss = 0 V.
As previously mentioned, simultaneous acquisition of EDA data was also performed to assess the arousal level of each participant. We recurred to the commercially available edaPLUX, 6 which has two independent sensor leads, allowing a high level of flexibility in the sensor placement. Pre-gelled and self-adhesive Ag/AgCl electrodes 7 were used as interface with the skin for improved conductivity. Table 3 outlines the main specification of the sensor, and Fig. 2 depicts the sensor and electrodes.
The transfer function for this sensor is given by Eq. 3; V O is the output voltage of the sensor in Volt, and G S is the skin conductance in S (micro Siemens). Eq. 4 provides an equivalent representation, which uses the digital output codes D O of the ADC directly. In our setup we used a system with 12-bit resolution (n = 12), V cc = 5 V and V ss = 0 V.
Data acquisition
Raw biosignals were acquired with a bioPLUX research, 8 Bluetooth wireless biosignal acquisition unit; this device was used in a 12-bit resolution, 1 kHz sampling frequency configuration. To guarantee electrical isolation between both ECG sensors used in the experiments, two independent biosignal acquisition units were used. Table 4 describes the main specification of the biosignal acquisition unit. Fig. 8 depicts the hardware configuration used in our experiments for biosignal acquisition. As previously described, an iPad was used for to reproduce the multimedia contents presented during the computer task/acquisition; two Light Dependent Resistor (LDR) sensors were taped with black tape (for discreetness purposes), to the corner of the iPad screen above the area where the video-embedded white square would appear. The ECG sensor arrangement was placed in front of the iPad, in such way that the person could comfortably relax the hands while performing the computer task, that is, watch the video clips. Electrodermal activity sensors were placed near the ECG sensor arrangement to enable fast application to the person. All the sensors were connected to each of the biosignal acquisition units that were placed close to the remaining apparatus. Table 5 presents the channel mapping for each unit.
Time synchronization
Time synchronization between both biosignal acquisition units was performed optically to ensure full electrical decoupling, using elements from a syncPLUX synchronization kit. To one of the units, we connected a switch, which simultaneously activated a light emitting diode (LED), and triggered a TTL signal to the digital input port of the device; to the other unit, we connected a LDR, which was directly attached to the LED. With this setup, whenever the switch was pressed, a common signal was recorded by both devices, enabling time alignment in the post-processing (Fig. 4) . A second synchronization mechanism was also implemented using LDR sensors, to guarantee synchronization between the biosignal acquisition units and the multimedia content displayed. For this purpose, two LDR sensors were applied to the iPad screen and connected to each of the biosignal acquisition units. In a pre-test stage, the videos were played to capture a "videoprint" based on the screen light intensity variations, which can be used to relate the biosignals activity with the stimuli being presented.
Furthermore, this mechanism allowed us to introduce redundancy in the synchronization process, as the information extracted from the videoprints alone can be used for time alignment of the signals collected by each independent unit. Since the operating principle of the LDR sensors is also optical, electrical decoupling between both independent biosignal acquisition units is once again guaranteed. 
4.
Short-term dataset
Participants
The experimental setup was placed on an unrestrained setting, in the lobby of the building where one of our research teams is located: Torre Norte of the Alameda Campus of Instituto Superior Técnico. To generate awareness for the initiative and increase compliance, a set of promotional banners was created and placed close to the workbench; a volunteer counter, was regularly updated to further motivate potential candidates. Fig. 11 shows the devised designs, seen also in their intended use in Fig. 1(a) . Sessions took place over two full days, and in the end data had been collected for an overall total of 65 participants, the majority of which were engineering students and researchers. The demographics shown 49 males and 16 females, with an average age of 31.1 ± 9.46 years. None of the participants reported any health problems, reason for which we consider the collected data to be representative of the healthy population.
As a reward for participating in the experiments, a gift card created from the collected biosignals was prepared (Fig. 10) . With the individual heartbeat waveforms, an orange colormap image was created, where each line corresponds to an individual heartbeat waveform, and each column corresponds to the amplitude of each sample of the heartbeat wave data. With the individual EDA events, a blue colormap image was created using the same principle, but in this case rotated of −90 • . 
Experimental procedure
The whole experiment was designed to have an average total completion time of approximately 5 min, scattered throughout three stages: (a) Informed consent (CI); (b) Low arousal video (A1); and (c) High arousal video (A2). Once participants willingly showed interest in becoming part of the experiments, the first stage would take place, and consisted on having the coordinator of the experiment going through the informed consent ( Fig. 9 ), explaining the procedure in detail, goals of the study, and related background work. During this phase, only ECG signals at the hand palms and fingers were recorded, and no emotion eliciting stimuli were presented. For the second phase, subjects were fitted with the EDA sensor on the left hand, in which one terminal of the sensor was placed on the middle phalanx of the index finger, and the other on the middle phalanx of the ring finger. The headphones were placed over the ears, and the low arousal video was started on the iPad by the coordinator of the experiment. For the third phase, the headphones were kept on the subject, and the video on the iPad switched to the high arousal video sequence. During both these phases, ECG signals at the palms, and EDA signals were recorded.
At each stage, recordings from each individual device were stored in a separate file for more efficient post-processing, and labeled with the date, identification of the system, and a code assigned to the subject. In the beginning and in the end of each recording the switch would be triggered in order to produce the synchronization signal, necessary to find the common time base as previously described (Fig. 4) .
5.
Long-term dataset
Participants
The long-term dataset was collected over a period of several days and different settings, reason for which a slimmeddown version of the proposed acquisition setup was adopted. We used a single biosignal acquisition system with just one sensor to measure ECG fitted with the dry Ag/AgCl electrodes. The experimental setup was prepared at the cardiopneumology laboratory located at the Escola Superior de Saúde da Cruz Vermelha Portuguesa, that was prepared to receive the participants. The recruitment of volunteers was performed by advertising the days in which data acquisition sessions were held, and by providing an overview of the action during classes. A total of 63 subjects (nursing and health technologies students), were enrolled in the experiment and participated in the two acquisition sessions. The demographics showed 14 males and 49 females, with an average age of 20.68 ± 2.83 years. None of the participants reported any health problems, reason for which we consider the collected data to be representative of the normal population.
Experimental procedure
Two data acquisition moments separated by a 3-month timeframe took place, and enabled data recollection from the set of volunteers enrolled in the experiment, with the purpose of studying the changes in the ECG morphology over time. In the first moment, the coordinator of the experiment presented the informed consent to prospective participants (Fig. 9) , explaining the procedure in detail, goals of the study, and related background work. Once participants willingly showed interest in becoming part of the experiments, they were required to sign the document and were enrolled in the data collection program.
In both moments only ECG signals at the fingers were recorded, and in each of the sessions the subjects were asked to sit for 2 min in a resting position, with two fingers, one from the left and another from the right hand, placed in each of the dry Ag/AgCl electrodes. The recordings were stored in individual files for more efficient post-processing, and labeled with the date, identification of the system, and a code assigned to the subject. The fact that it has two sessions separated by several months apart makes this dataset particularly useful for benchmarking the performance of identity recognition algorithms taking into account potential variations in the heartbeat waveform over time.
6.
Status report
Outline
Our experiments to date have already enabled several interesting findings using the collected data. First, as shown in Fig. 4 (bottom), the optical synchronization method enables time alignment within the millisecond, allowing the signals collected by each independent unit to be compared in the same time base. Also, as we can see from the example presented in Fig. 5 , both the ECG signals collected with dry Ag/AgCl and Electrolycras at the hand palms and at the fingers retain a high level of detail with respect to the heartbeat waveform. In particular, not only the so-important QRS complex is clearly noticeable, but also the P and T waves can be found. Moreover, we can see that there is a high morphological similarity between both signals, leading us to believe that both the electrolycras and the dry Ag/AgCl electrodes can be used as interface with the skin, giving higher flexibility and convenience to the biometric system designer. This is further reinforced by the analysis performed in [8, 14] . An additional example of the collected signals is presented in Fig. 6 , where we can see an example of a filtered and segmented recording collected at the hand palms with the dry Ag/AgCl electrodes.
Still, signals collected at the hands and fingers, especially using dry materials as electrodes, have a lower signal-tonoise ratio, which raises several challenges namely in terms of filtering, segmentation, and outlier detection. A first set of guidelines regarding the pre-processing of these signals can be found in the work by Lourenço et al. [9, 10] ; more recently, to enhance the ECG signal quality and increase the signal-tonoise ratio in the ECG biometrics context, we started to adopt a 300 order band pass Finite Impulse Response (FIR) filter, with a Hamming window, and cutoff frequencies of 5 Hz to 20 Hz. These specifications take into account the ECG information bandwidth and empirical considerations obtained from the data itself.
For researchers working on fiducial or partially fiducial approaches, segmentation is a key aspect in terms of data analysis. We refer the reader to the papers by Bachler et al. [20] and by Canento et al. [21] , in which a description and comparison of several ECG segmentation algorithms is presented.
Studies with CYBHi
In part or in full, this dataset has already been used in several peer reviewed and accepted state-of-the-art publications.
In [13] a study of different segmentation algorithms is performed, which addresses the problem of online vs. offline segmentation of hand/fingers ECG data; 63 records from the CYBHi short-term dataset were used, and the authors have concluded that online approaches present competitive results both in terms of the number of overall detected segments, and on the percentage of those that can be considered to be valid. In [12] , a study on the biometric performance of full vs. partial waveform is presented. A total of 32 records from the CYHBi short-term dataset were used, to evaluate how the use of the waveform comprehending the P-QRS-T segments compares to using only the R-ST portion of the waveform. Experimental evaluation was performed both on data from the dry Ag/AgCl electrodes and Electrolycras, and results revealed that the P-QRS-T provides higher recognition rates due to the additional information; in the best case scenario a 1.66% ± 2.28 identification error (EID) was achieved for groups of 2 users. Nonetheless, with a marginal decrease in performance, the RS-T segment based approach is able to provide an adequate compromise solution, given that it has a lower temporal and spacial complexity; for groups of 2 users, this approach has revealed 2.40% ± 3.96 EID.
Targeting the real-time classification scenario, in [9] a total of 32 records from the short-term CYBHi were used, to compare the performance of a Nearest Neighbor classifier with an approach based on Support Vector Machines (SVM). Experimental results have shown that, depending on the application, each approach has its own advantages, and that the SVM based approach enables high recognition rates, for example, in an authentication task, for an operating point where the False Acceptance Rate (FAR) is 0%, the False Rejection Rate (FRR) can be as low as 13.91% ± 4.55.
In [22] , two PCA-based methods are presented, which use the full CYBHi short-term dataset to explore the concepts of Individual Eigen-Heartbeat and Overall Population EigenHeartbeat, as a method of feature extraction and template creation. Results have shown that a 0% EID can be achieved. In [23, 24] , the authors tried to cope with outliers and time-variance introduced by acquisitions over time using wavelets and clustering-based methods. Using 63 records, and the two temporal separated sessions from the long-term CYBHi dataset, Equal Error Rates (EER) of 11.5% and 12.4% were achieved, revealing that this is a challenging task. More recently in [11] , we further evaluated the temporal stability of ECG signals collected at the fingers, reaching an EER of 9.10% using SVMs also for the CYBHi long-term dataset.
Resources

Materials
All materials and outputs of the data acquisition sessions were grouped into a folder structure, which can be used for future reference. These include graphic materials, videos, the collected data, and support documentation; Table 6 outlines what can be found in each folder.
Data format
Each file contains the data collected from the biosignal acquisition and synchronization sensors. Included data comprises the modalities described in Section 3; the different moments of the experimental procedure acquired with the two biosignal acquisition units are stored in separate files. Files are identified with indication of the date, a code associated with the subject, and the moment to which they correspond (e.g.
YYYYMMDD-AAA-BB-CC.txt), the general notation being given by: <filename> : : = < date > " − " < code > " − " <moment> " − " < unit > " . txt " <date> : : = YYYYMMDD <code> : : = up to three characters <moment> : : = " CI " | " A0 " | " A1 " | " A2 " <unit> : : ="8B " |"85 " In the above notation used to distinguish the moment, "CI" denotes the informed consent part of the test, while "A1" and "A2" denote respectively the low and high arousal videos in the short-term dataset; "A0" denotes the acquisitions of the longterm dataset. In the notation used to distinguish the biosignal acquisition unit, "8B" and "85" refer to the "00:07:80:42:0F:8B" and "00:07:80:42:0F:85" units, respectively. Data is stored in standard ASCII text with a bioPLUX file format, where each line corresponds to one sample; the columns mapping is described in Table 7 . The header has eight lines, preceded by the # symbol, and the stored information is the following: Graphics and data files with results from initial data processing stimuli Film clips presented as the computer task to the subjects
Lessons learned
While datasets with ECG collected at the chest using clinicalgrade equipment are readily available, the same cannot be said regarding signals collected at the hand palms or fingers in an off-the person approach. Among other potential applications, these unconventional locations are fundamental for the growing research field of ECG biometrics, as the chest placement is far too intrusive for feasible real-world deployment. These novel trends in ECG biometrics require more convenient signal acquisition methods however, in this particular area, researchers still lack publicly available datasets that can promote benchmarking and comparison of results across teams. The Check Your Biosignals Here initiative (CYBHi) dataset, provides high resolution raw data from signals collected at the hand palms and fingers in an off-the-person approach, using dry Ag/AgCl electrodes and Electrolycras as interface with the skin. We have described a biosignal acquisition framework, devised to overcome the need for a repeatable and easy-toapply procedure for data collection in large population groups. This setup builds upon prior work from our group in the area of biosignal research, as a tool to identify potentially time variant properties in the signals, and to evaluate the robustness of algorithms and methods to changes in the environmental conditions and other data acquisition influencing factors.
We started to compile a short-term dataset where a single acquisition session was performed to collect signals that can compare different electrode materials, as well as the effect of arousal-eliciting stimuli in the heartbeat waveform templates. A long-term dataset was also started, in which two data acquisition sessions were performed, enabling the evaluation and benchmarking of the persistence of the heartbeat waveform templates over time. Several studies have already used the CYBHi dataset and provided valuable insight on the potential of the collected data, as well as guidelines on how to perform pre-processing of the data. Our dataset is already made available for researchers worldwide. 9 Furthermore, we also created a set of tools that researchers can use to further contribute to the CYBHi dataset, and replicate the experiments, in particular, by providing access to the biosignal acquisition hardware itself. 10 
Future plans
Ongoing work is focusing on further extending the number of subjects both in the short-term and long-term datasets, and also enriching the potential of our dataset by recalling the subjects that were previously assessed in order to have a record of the cardiac activity of each subject in different moments in time separated by several months or years apart. We are currently recalling the population enrolled in the CYBHi longterm experiments, in order to record 1-year apart data. In parallel, we are also working to provide morphological ground-truth data by manual labeling of fiducial points in the recordings, which will extend the use of our dataset beyond the field of ECG biometrics, enabling for example the assessment and benchmarking of filtering and segmentation algorithms [25] [26] [27] . Another aspect that will be analyzed in future research work is the correlation between the ECG signals and the variations of the arousal level of each subject as measured through the collected EDA data.
Regarding the dataset itself, we will seek the possibility of making it available through Physionet [7] in a near time, and making it compliant with the ISO standards for biometric data storage and exchange. Finally, the dataset is now provided as standard ASCII text files; future work will also focus on migrating the dataset to a structured database format [28] [29] [30] .
